A combination of five mechanisms confers a high tolerance for aluminum to a wild species of Poaceae, Andropogon virginicus L.  by Ezaki, Bunichi et al.
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How  can  high  tolerance  against  aluminum  (Al) toxicity  be  obtained  in  plants?  To  address  this  question,
tolerant  mechanisms  were  characterized  in  a highly  Al tolerant  wild  species  of  Poaceae,  Andropogon  vir-
ginicus  L. A. virginicus  showed  an Al-stress-induced  synthesis  and  secretion  of  citrate  and  malate  in roots.
This  mechanism  may  help  to  suppress  an  increase  of toxic  Al ions  in the  root  region.  Microscopic  observa-
tion  of  the morin-stained  leaves  indicated  that  the  Al transferred  to shoots  was  speciﬁcally  accumulated
in  the  trichomes  and  spikes  of  the leaves  and  that  some  portion  of  the  accumulated  Al was  furthermore
secreted  as sap  from  the  tips  of trichomes.  Al-induced  synthesis  of poly-phenolic  compounds  including
anthocyanin  also occurred  in  roots  as a long  term  response  to Al  toxicity  and  anthocyanin  production  did
not  co-localize  with  either  Al  accumulation,  nitric  oxide  (NO)  production  or  lipid  peroxides  production  inxidative stress
richome
the roots.  It was  suggested  that oxidative  damage  caused  by Al stress  was  suppressed  in  these  areas  where
anthocyanin  was  localized.  Moreover,  induction  of  NO  production  occurred  in roots  within  24 h of Al
treatment.  Our results  suggested  that  NO  could  not  efﬁciently  ameliorate  the Al-dependent  nuclei defor-
mation  and  DNA  fragmentation,  but could  function  as a trigger  to  stimulate  anti-peroxidation  enzymes
under  Al  stress.  Collectively  the results  suggested  that A.  virginicus  manifests  its high  Al tolerance  by a
unique  combination  of  effective  mechanisms.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.. Introduction
Al toxicity is one of the major factors limiting plant growth in
cid soil areas. Al is solubilized into soil solution below pH 5.0 as
oxic forms of Al3+ and it results in a loss of crop yields. Inhibition
f root growth is the major symptom of Al toxicity in plants, and
he root apex is a critical area of Al toxicity. Accumulation of Al ions
n the cell walls and rapid inhibitions of cell division and cell elon-
ation occur in this region (Sivaguru and Horst, 1998; Matsumoto
t al., 2003; Kochian et al., 2004; Doncheva et al., 2005). Al ions are
Abbreviations: cPTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-
-oxyl-3-oxide; DAF-FM DA, 4-amino-5-methylamino-2′ ,7′-diﬂuoroﬂuorescein
iacetate; DAPI, 4′ ,6′-diamidino-2-phenylindole; H2DCFDA, 2′ ,7′-dichlorodihydro-
uorescein diacetate; NO, nitric oxide; SNP, sodium nitroprusside; SOD, superox-
de  dismutase; SEM–EDEX, scanning electron microscope–energy dispersive X-ray
pectroscopy.
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Open access under CC BY-NC-NDalso suggested to enhance peroxidation of phospholipids in root
cells (Ezaki et al., 2000).
Many studies concerning Al-tolerance mechanisms in plants
have been reported. The secretion of organic acid anions, such as
malate, oxalate, citrate and succinate, from root tips into soil is
considered as one of effective strategies (Delhaize et al., 1993).
Sasaki et al. (2004) isolated the ALMT1 gene encoding a malate
transporter from Triticum aestivum and showed that this gene can
confer Al tolerance in transgenic tobacco cells. Delhaize et al. (2004)
moreover generated Hordeum vulgare transgenic plants express-
ing the ALMT1 gene and demonstrated their increased ability to
exude malate and withstand Al stress. Magalhaes et al. (2007) also
showed that an Al-activated citrate transporter from the multidrug
and toxic compound extrusion (MATE) family confers Al toler-
ance in Sorghum vulgare. Recently, plasma-membrane-localized Al
transporter proteins, Nrat1 and PALT1, were isolated from Oryza
sativa and Hydrangea macrophylla, respectively (Xia et al., 2010;
Negishi et al., 2012). Furthermore, there are other Al tolerance
mechanisms in plants. Phenolic compounds, such as ﬂavonoids,
alkaloids, terpenoids and glycosides, form strong complexes with
Al ions and are implicated in internal Al detoxiﬁcation in Camellia
sinensis and other Al-accumulating species (Ofei-Manu et al., 2001).
Kidd et al. (2001) reported that differential Al tolerance in three
Zea mays genotypes showed a better correlation with the rate of
 license.
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were ground with a small scale homogenizer in 2 mL  tubes at 4 C
and then extracted with 1% (v/v) HCl–methanol solution by shaking
at 2400 rpm for 1 h at 25 ◦C. The extracted supernatants were used
for further analyses. According to the method described previously,
Fig. 1. Organic acid content of roots and medium. Citrate and malate contents in A.
virginicus (white bars), M.  sinensis (gray bars) and O. sativa (black bars) were deter-6 B. Ezaki et al. / Environmental an
l-stimulated root exudation of the ﬂavonoids catechin and
uercetin than with Al-activated exudation of organic acids. It
as been also demonstrated that induction of anti-peroxidation
nzymes can ameliorate the oxidative damage caused by Al stress
nd lead to Al tolerance phenotypes in various plants (Richards
t al., 1998; Ezaki et al., 2001; Milla et al., 2002; Boscolo et al., 2003;
att, 2003).
In general, wild plants show high tolerance against various abi-
tic stresses, such as salinity, metal toxicities, drought, temperature
tresses and oxidative stresses (Ellis et al., 2000; Ivandic et al., 2000;
kashi et al., 2001; Bartels, 2001; Shen et al., 2001; Mittova et al.,
004). By screening Al tolerance in a collection of 49 wild plants, we
eported that Andropogon virginicus L. is a highly Al tolerant wild
lant and preliminarily characterized its tolerance mechanisms
Ezaki et al., 2008). This plant showed a very low Al accumulation in
ts root-tip region and an induction of anti-peroxidation enzymes,
uch as superoxide dismutase (SOD; EC 1.15.1.1) and catalase (CAT;
C 1.11.1.6) by Al stress, but the exact tolerance mechanisms have
ot yet clariﬁed.
In this study, we characterized the high Al tolerance of A. vir-
inicus and found that a combination of ﬁve different mechanisms
ll operate in this species. This is the ﬁrst report which suggests
hat such a combination of mechanism is necessary to confer high
l tolerance in one plant species.
. Materials and methods
.1. Plants and growth conditions
Seeds of wild plants, A. virginicus, Miscanthus sinensis Anders.,
chinochloa crus-galli (L.) Beauv., Polypogon fugax Nees ex Steud.
nd Polypogon monspeliensis (L.) Desf. were used in this study. A.
irginicus and M.  sinensis showed a high Al tolerance in our previous
creening, but the latter three plants did not (Ezaki et al., 2008). As
 control plant for organic acids synthesis and secretion, O. sativa
sp. japonica cv. Nipponbare was used. Seeds were submerged in
istilled water for 7–10 d at 4 ◦C and then grown under hydro-
onic conditions for 7–14 d with a nylon mesh net and a ﬂoating
upporter to keep the seeds at an adequate water level in 0.5 mM
aCl2 solution (adjusted to pH 5.7 for all conditions in this study
xcept for Al treatment, and to pH 4.2 for Al treatment). After ade-
uate plant growth, seedlings were used for each experiment. In
ase of anthocyanin experiments, 10- to 14-d-old seedlings were
reated with 0.5 mM CaCl2 solution (pH 4.2) including 0–500 M
lCl3 for 0–14 d. In our preliminary experiments, there was no
rowth inhibition under 0.5 mM CaCl2 hydroponic condition with-
ut any essential nutrients during the period. All plants were grown
nder ﬂuorescent illumination (approximately 50 E m−2 s−1, 16 h
f light and 8 h of darkness) at 25 ◦C.
.2. Metal treatments for wild plants
Seedlings (7- to 14-d-old) were transferred to 0, 300 and 500 M
lCl3 solution (adjusted to pH 4.2) for Al treatment. In the case of
eavy metal stress, young seedlings were exposed to 20 M CdCl2,
0 M CuSO4 or 100 M ZnCl2 at pH 5.7 for 48 h. Metal-treated
lants were washed 3 times with sufﬁcient deionized water to com-
letely remove free metal ions from plant samples and then used
or experiments.
.3. Enzymatic determination of organic acidsSeedlings of A. virginicus,  M.  sinensis and O. sativa grown in
ydroponic condition (0.5 mM CaCl2, pH 5.7) for 7–14 d were trans-
erred to 0.5 mM CaCl2 medium (pH 4.2) including 500 M Al
or another 24 h. Al-treated roots of each plant were completelyrimental Botany 93 (2013) 35– 44
homogenized with a small scale homogenizer in 2-mL tubes, and
the cytoplasmic organic acids were completely extracted with
MilliQ water (200 L per FW 100 mg)  at 4 ◦C. The samples were cen-
trifuged at 15,000 × g for 10 min  at 4 ◦C and then the supernatant
was stored at −80 ◦C. The media used for Al treatment of each plant
were also recovered and stored at −80 ◦C. Citrate and malate in root
and medium were enzymatically determined by the methods pre-
viously described (Gutmann and Washlefeld, 1974; Dagley, 1974;
Delhaize et al., 1993).
2.4. Detection of Al ions in leaf and root
Al ions were detected by morin staining described previously
(Ezaki et al., 2000) using a ﬂuorescein microscopic observation
(BX43 and U-RFL-T, OLYMPUS, Japan). SEM–EDEX (scanning elec-
tron microscope–energy dispersive X-ray spectroscopy; Qanta250
and EDEX; FEI Company, OR, USA and Bruker Company, NJ, USA)
was also used for semi-qualitative Al monitoring in leaves accord-
ing to its supplied protocol.
2.5. Extraction and determination of anthocyanin and total
poly-phenol compounds in root region
The roots treated with 500 M Al (for 0–14 d) as described above
◦mined by enzymatic methods. R, organic acid content in root region; M,  secreted
organic acid content to medium; −Al, without Al treatment; and +Al, 500 M Al
treatment. Experiments were carried out in triplicates and are shown as means ± SD
(bars). Values with the same letter within the same plant indicate no signiﬁcant
difference (p < 0.05).
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nthocyanin was determined by absorbance at 530 nm and esti-
ated as cyanidin 3-glycoside (Ono et al., 2003). Total polyphenol
ompounds were determined colorimetrically by the Folin–Denis
ethod (Folin and Denis, 1915) and the values were given as (+)-
atechin. Triple independent experiments were performed at each
ime point.
.6. NO production in root
Detection of NO in root was performed with a speciﬁc
uorescent indicator, DAF-FM DA (4-amino-5-methylamino-2′,7′-
iﬂuoroﬂuorescein diacetate; Sekisui Medical Co., Ltd., Tokyo,
apan). Roots were stained with 10 M DAF-FM DA for 1 h at room
emperature, rinsed with distilled water several times and then
bserved by the ﬂuorescein microscope. To control NO produc-
ion, roots were exogenously treated with 300 M of NO releasing
eagent, SNP (sodium nitroprusside; Sigma, USA), or with 300 M
f NO scavenging reagent, cPTIO (2-(4-carboxyphenyl)-4,4,5,5-
etramethyl-imidazoline-1-oxyl-3-oxide; Wako, Osaka, Japan),
nder Al stress..7. DNA fragmentation
Conformational changes in nuclei were monitored by DAPI
4′,6′-diamidino-2-phenylindole; Wako) staining described
ig. 2. Accumulation and secretion of Al in leaves by morin staining. (A) Al accumulatio
yellowish green color) was observed in trichomes found at both sides of leaf (left) and in
ark  images. (B) Fine structure of circumference of leaf. The two magniﬁed pictures (cent
ap  including Al ions from trichomes (three dark images and one light image). The two pic
ecreting the sap.rimental Botany 93 (2013) 35– 44 37
previously (Ezaki et al., 2001). DNA fragmentation caused by
Al treatment in root cells was monitored by the alkaline comet
assay (Trevigen, Inc., Gaithersburg, MD,  USA) with some minor
modiﬁcations to the manufacturer’s protocol. One hundred micro-
liters of ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
2 mM KH2PO4, pH 7.4) containing 50 mM EDTA was  placed on a
60-mm petri dish. Root tips approximately 2 mm in length were
cut with a sharp surgical blade to make ﬁne pieces in the PBS
buffer, gently mixed well and then kept at 4 ◦C for 15 min. Nuclei
fraction was  separated from debris by centrifugation at 1000 × g
for 5 min  at 4 ◦C. The alkaline comet assay was performed to
detect single and double stranded DNA breakages in samples. Two
hundred microliters of molten low-melt agarose was added to
20 L of the root nuclei sample described above, gently mixed
and then mounted on CometSlide. Alkaline lysis and subsequent
unwinding were performed for 1 h using a lysis solution (300 mM
NaOH and 1 mM EDTA) according to the manufacturer’s protocol
and nuclei were subjected for electrophoresis at 300 mA  under
alkaline conditions. Slides were stained with SYBR®GreenI (Takara
Bio Inc., Ohtsu, Japan) solution and the ﬂuorescent images were
captured with the ﬂuorescent microscope using a digital camera.
DNA degradation was evaluated as the percent DNA in the tail
part to total cellular DNA using comets scoring software, TriTek
CometScoreTM Freeware v1.5 (TriTek Corp., Summerduck, VA,
USA).
n in structures, trichomes and spikes, of the leaf. Morin-dependent ﬂuorescence
 spikes on the surface of leaf (right). Chlorophyll ﬂuorescence was seen as red in all
er and right) are light/dark and dark images of the same trichomes. (C) Secretion of
tures (right upper and right bottom) are light and dark images of the same trichome
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. Results
.1. Al stress induced organic acid production in A. virginicus
A. virginicus and M.  sinensis had previously been shown to have
 low Al accumulation in their root regions under Al stress (Ezaki
t al., 2008), but the exact mechanisms were not deﬁned. To address
his point, the content of citrate and malate in both Al-treated roots
nd the culture medium was determined in A. virginicus,  M.  sinen-
is and O. sativa (Fig. 1). All of these plants synthesized both citrate
nd malate from roots and secreted them to the medium. Com-
ared with each control (without Al condition), the total amount of
itrate (in roots and in medium) was induced by Al treatment in all
hree tested plants (approximately 4.1, 6.1 and 3.6 times, respec-
ively). Al-dependent induction was also seen for malate synthesis
approximately 2.1, 1.5 and 1.6 times, respectively), but the induc-
ion was much lower than for citrate. Approximately 60–80% of
ynthesized organic acids were secreted to the medium by each
lant, independent of Al stress.
.2. Al accumulates in trichomes and spikes of A. virginicus leaves
nd may also be secreted
In our previous report, more than 30% of the absorbed Al in root
as effectively transferred to shoots in A. virginicus (Ezaki et al.,
008). What is the destiny of the Al ions transferred to the shoots?
s Al deposited evenly in whole shoot or in special organs of A. vir-
inicus? To clarify these questions, the localization of Al in shoots
as determined by a microscopic observation after morin stain-ng. In the case of treatment with 500 M Al for less than 3 d, no
lear morin-dependent ﬂuorescent signals were detected (data not
hown). Weak, but distinguishable ﬂuorescent signal was  speciﬁ-
ally observed in trichomes of leaves by 5–7 d of Al treatment. A
ig. 3. Detection of Al by SEM–EDEX analysis. Trichomes derived from an untreated plant
f  Al ions detected by morin staining; center, SEM images; and bottom, result of SEM–EDX
reated  with 0 or 500 M Al solution for 10 d prior to the analysis.rimental Botany 93 (2013) 35– 44
stronger signal was detected in both trichomes and spikes in Al-
treated shoots after 10 d (Fig. 2A). Morin-dependent ﬂuorescent
signals were not detected in any parts of non-treated trichomes.
These results suggested that the transferred Al was  passed through
stem, petiole, vein and then mainly accumulated in the protru-
sions of the leaf region. Furthermore, transparent material with
morin-speciﬁc ﬂuorescence was observed in some trichome apices
(Fig. 2B). It seems that some portion of Al in trichomes was secreted
outside the cells as a viscous sap (Fig. 2C). Accumulation of Al in the
trichome was  further conﬁrmed by SEM–EDEX (Fig. 3). Negligible
noise signals were detected in the case of trichomes of non-treated
plants, while a sharp Al peak (1.5 keV) was  detected in the Al-
treated trichomes indicating the presence of Al.
3.3. Al stress induced anthocyanins and poly-phenols production
in A. virginicus
In our hydroponic cultivation, we noticed that A. virginicus
seedlings accumulate purple color pigments in their root region
following Al treatment, suggesting a production of anthocyanin
(Fig. 4A). To conﬁrm this phenomenon, anthocyanin and total poly-
phenol contents in both Al treated and untreated root regions were
determined (Fig. 4B). Likely due to the pH change in the con-
trol treatment (from pH 5.7 to pH 4.2), anthocyanin content in
the control untreated roots also gradually increased and reached
a maximum value at 7 d. However, a higher accumulation was
observed in Al-treated roots and the content kept increasing over
14 d. A similar tendency was  also observed in total poly-phenol
contents. With longer Al treatment periods, the pigment color in
roots changed from reddish purple to darker purple or blue pur-
ple. Minor production of anthocyanin was  observed in M.  sinensis,
but not in E. crus-galli, P. fugax and P. monspeliensis (data not
shown).
 (left) and an Al-treated plant (right) were subjected to SEM–EDEX. Top, localization
 analysis at the points indicated by a white “+” in the SEM images. A. virginicus was
B. Ezaki et al. / Environmental and Expe
Fig. 4. Anthocyanin and poly-phenol contents in non-treated and Al-treated roots.
(A)  Plants (totally 21-d-old) that had been treated without and with Al (500 M for
7  d). Arrows indicated anthocyanin induced by Al stress in roots. (B) Production of
antioxidants during the long Al treatment (500 M for 14 d). Anthocyanin and poly-
phenols contents were estimated by cyanidin-3-o-glycoside and by (+)-catechin,
respectively under control (black bars) and Al treatments (white bars). Three exper-
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ith same letter indicate no signiﬁcant difference (p < 0.05).
To investigate the meanings of anthocyanin synthesis in roots
nder Al stress, Al treated roots (500 M Al for 72 h) were stained
ith morin, DAF-FM DA and H2DCFDA (a ﬂuorescent indica-
or for lipid peroxides; 2′,7′-dichlorodihydroﬂuorescein diacetate;
olecular Probes, Inc., Eugene, OR, USA) and then subjected to
 microscopic observation (Fig. 5). The latter two stains are well
nown ﬂuorescent indicators for NO and lipid peroxides, respec-
ively. Morin staining revealed absorbed Al ions in the tip-region
ith gradually decreased staining in other upper part of main root;
taining was not seen in the area in which anthocyanin occurred. Al
bsorption was also observed in young lateral roots, but not spread
o the main root area in which anthocyanin accumulated. NO and
ipid peroxides were also observed in similar areas to Al ions in both
oot-tips of main root and young lateral roots. However, they were
ot seen in any of the purple pigment-containing areas. Thus antho-
yanin production did not co-localize with either Al accumulation,
O production or lipid peroxide production in the roots.
.4. Al stress induced NO production in A. virginicusWang and Yang (2005) reported that NO production reduced
l toxicity by preventing oxidative stress in Cassia tora, but it has
ot yet been clariﬁed whether NO production is a general response
or Al stress in plants. To address this question in A. virginicus,  NOrimental Botany 93 (2013) 35– 44 39
content in the root region under Al stress was  semi-quantitatively
monitored by staining with DAF-FM DA. A negligible faint ﬂuores-
cent signal was detected in non-treated root-tips (controls, pH 5.7
and pH 4.2), while stronger DAF-FM DA-dependent ﬂuorescence
was observed in Al-treated root tips by 6 and 24 h of Al treatment
(Fig. 6A). When an NO scavenger, cPTIO, was  simultaneously added
to the medium during Al treatment, the DAF-FM DA-dependent NO
signal was decreased. Furthermore, strength of the ﬂuorescent sig-
nal was  dependent on Al concentration (0, 200, 400 and 600 M;
Fig. 6B). These results suggested that NO was  produced by Al treat-
ment in A. virginicus root-tips. NO production under Al stress was
also tested in other four wild plants, M.  sinensis, E. crus-galli, P. fugax
and P. monspeliensis.  Weak ﬂuorescent signal was detected in M.
sinensis by Al stress, but not in any other plants tested (data not
shown). Heavy metal stresses (20 M Cd, 10 M Cu and 100 M
Zn) were also applied to A. virginicus for 24 h and stained with DAF-
FM DA. NO production was  only seen in Zn treatment and a slight
reduction of the signal by cPTIO was  observed (Fig. 6C, result for Zn
was only shown here). The ﬁve plants including M.  sinensis were
also subjected to the four heavy metal stresses, but there was  no
clear NO production by any of them (data not shown).
3.5. Physiological function of NO production by Al stress in A.
virginicus
To clarify the role of NO in the plant response to Al stress, a
comparison of anti-peroxidation enzymes in root was performed
between Al treatment alone and Al treatment plus 300 M cPTIO
(Fig. 7). SOD activity was  induced by both treatments up to 24 h,
but the activity was lower in the combined treatment. CAT activity
showed a maximum induction at 12 h in both treatments, but like
SOD activity, the activity was clearly lower under the combined
treatment than the single Al treatment. These results suggested
that the decrease of NO production by the addition of cPTIO led to
a lower induction of SOD and CAT activities. Lipid peroxide content
under the two treatments at 12 or 24 h was induced by Al stress,
but there was no clear difference between the two treatments in
each time point (data not shown).
Al ions can covalently bind to phosphate groups of DNA
molecule and cause an apoptosis-like fragmentation of DNA
(Matsumoto and Morimura, 1980; Yamaguchi et al., 1999; Zheng
et al., 2007). Endogenous NO has been suggested to be related
to apoptosis under various stresses. To address whether the NO
production in Al treated roots enhances these phenomena or not,
morphological change and fragmentation of chromosomal DNA
were determined by DAPI staining and the alkaline comet assay,
respectively (Fig. 8). The latter assay has been especially widely
used to detect single and double stranded breaks in single nuclei
(Singh et al., 1988). DAPI staining of control roots (roots grown
under pH 5.7 or pH 4.2 without Al) indicated a normal align-
ment and round shapes of nuclei with smooth boundaries in roots
(Fig. 8A). In contrast, deformed nuclei without alignment were
observed by Al treatment, suggesting a morphological change in
nuclei (DNA degradation). Combined treatment with Al and a NO
releasing reagent, SNP (300 M),  caused an additional DNA defor-
mation (nuclei had a more elongated shape than those with the Al
only treatment), but the SNP effect was  relatively small. The results
of alkaline comet assay are shown in Fig. 8B and C. A basal level of
DNA degradation was  observed in the root cells grown in pH 5.7
control conditions, probably due to our nuclei extraction process.
An additional higher % of tailing was also seen at pH 4.2, suggest-
ing that DNA degradation occurred under acidic conditions. Much
longer and brighter ﬂuorescent comet tails were observed in Al-
treated nuclei than in the two controls (without Al under pH 5.7
and 4.2). However, no additional DNA degradation was detected
by the combined Al and SNP treatment. These results conﬁrmed
40 B. Ezaki et al. / Environmental and Experimental Botany 93 (2013) 35– 44
Fig. 5. Localization of anthocyanin, Al ions, NO and lipid peroxides in Al-treated roots. Upper pictures, A, B and C, tip regions of main roots; bottom pictures, D, E and F,
middle part of main roots showing initiation of lateral roots. Plant roots were treated with 500 M Al for 72 h and then stained with morin (A and D; detection of Al ions),
DAF-FM DA (B and E; detection of NO), or H2DCFDA (C and F; detection of lipid peroxides). Anthocyanin was observed in light phase image of each picture (left side pictures)
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hat DNA degradation was caused by Al stress, but suggested that
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. Discussion
A. virginicus and M.  sinensis both produce citrate and malate
n response to Al stress, as O. sativa does. The inducible synthe-
is of organic acids can lead to chelation of toxic Al ions, either
ithin the root or in the rhizosphere. It is likely that chelation
f Al and immobilization in soil by secreted organic acids con-
ributes to a low accumulation of Al in the root-tip regions of these
wo plants. It is known for O. sativa that citrate production con-
ributes to it being a much more Al-tolerant crop than other Poaceae
embers, such as Z. mays, S. vulgare and T. aestivum (Famoso
t al., 2010). As citrate has much stronger chelation activity than
alate (the stability constants decrease in the order: Al-citrate > Al-
xalate  Al-malate > Al-other organic acids), we hypothesize that
itrate may  be the most important contributor to detoxiﬁcation of
l in A. virginicus. In this study, both intracellular citrate concentra-
ions and citrate exudation were increased by Al in the three species
xamined. In contrast, Al induced malate exudation, but it did not
ffect malate concentrations in roots in the three species. Li et al.
2000) described two patterns (patterns I and II) in the secretion of
rganic acids under Al stress: pattern I involved the activation of
nion channels for organic acids, while pattern II involves induc-
ion of genes for organic acid biosynthesis and secretion. Citrate
ccumulated both in the medium and inside roots for all three
pecies; this elevation requires a pattern II response, perhaps in
ddition to a pattern I response. However, the Al-induced malatepid peroxides) were visualized under dark conditions (right side pictures) and their
ts 200 m.
exudation in the three plants may  be controlled by an activation
of a malate-permeable channel in plasma membrane rather than
an intracellular accumulation of malate. A very high Al transport to
shoots (more than 30% of the total absorbed Al ions in root) was  also
observed in A. virginicus, compared with other wild plants tested
(Ezaki et al., 2008). These two  independent results, low Al uptake
and high Al transportation, are well consistent with the low accu-
mulation of Al in roots and suggest that the maintenance of toxic
metal content below a critical level in roots is one of the useful
strategies to confer metal tolerance in plants.
Another important mechanism conferring tolerance may  be the
sequestration of toxic metals in speciﬁc subcellular compartments
of particular tissues, whose nature depends on the plant species
and organs involved. Trichomes are specialized unicellular or mul-
ticellular structures derived from the epidermal cell layer, which
may  have various functions depending on the plant species and
organ (Küpper et al., 2000; Wagner et al., 2004). Accumulation of
Al ions was detected in both trichomes and spikes in leaves after a
long-term exposure to Al stress. Similar compartmentalization of
toxic Cd and Zn has been reported in Arabidopsis halleri trichomes
(Küpper et al., 2000). Moreover, our microscopic observation sug-
gested that some portion of the accumulated Al was  secreted with
sap from the tip of trichome. Choi et al. (2001) reported that Cd-
treated tobacco produced Ca/Cd combined grains in trichomes. It
was also observed that exposure to Cd resulted in a 2-fold increase
in the number of trichomes in comparison with control plants.
Similarly, Sarret et al. (2006) showed a preferential accumulation
of Ca/Zn mineral grains on the heads of trichomes in Zn treated
tobacco plants. These accumulation and secretion of toxic metals
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ave been suggested to be quite effective to keep a non-toxic level
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f leaves should also be an effective strategy for A. virginicus.
Endogenous gas, NO, plays various important roles in regula-
ion of the level and toxicity of ROS, both directly or indirectly by
ontrolling the expression of genes involved in different functional
rocesses such as signal transduction, defense and cell death, trans-
ort, basic metabolism, ROS production and degradation, and so
n (see reviews, Lamattina et al., 2003; Siddiqui et al., 2011). NO
s therefore involved in regulation of anti-peroxidation enzymes,
irect elimination of superoxide anions and lipid peroxidation. In
his study, we found that NO was induced by both Al and Zn stress
n A. virginicus,  but not in other tested plants. It seemed that NO
nduction is a speciﬁc response in restricted plants rather than a
eneral response in all plants. Hu et al. (2007) found that pretreat-
ent of NO improved germination of wheat seed and alleviated
xidative stress against Cu toxicity by enhancing the activity of SOD
nd CAT and by decreasing lipoxygenase activity and malondialde-
yde (MDA) synthesis. As addition of cPTIO under Al stress caused
ecreases of NO production and of anti-peroxidation enzyme activ-
ties in A. virginicus, NO may  also function as a trigger to induce the
ctivity of anti-peroxidation enzymes (e.g. SOD and CAT) during Al
tress in this plant. Several reports have suggested that NO produc-
ion is one of the metal tolerance mechanisms for Al, Cu and Cd
Ille˙s´ et al., 2006; Tian et al., 2007; Singh et al., 2008). Wang and
ang (2005) reported that NO protected plants against Al-induced
xidative stress. NO-induced wheat showed enhanced activities of
nti-peroxidation enzymes, such as SOD, CAT and APX, together
ith decreased H2O2 and MDA  under Al stress (Zhang et al., 2008).
e suggest that A. virginicus also has a similar NO signal transduc-
ion system in Al stress. In this study, neither a clear increase of(A) NO production under Al treatment for 6 and 24 h. (B) Effect of Al concentration
n (A) represents 200 m.
lipid peroxidation nor a change in DNA structure was  observed by
addition of an NO inducer, SNP. Induced NO under Al treatment
may  not lead to enhanced apoptosis and DNA degradation in this
plant.
A. virginicus expressed a high level of SOD and CAT in the early
stage of Al stress (within 24 h) and the induction of these enzymes
by Al stress can be expected to contribute to their Al tolerance by
a suppression of oxidative damages (Ezaki et al., 2008). A longer
period of Al treatment (2–14 d) led to an induction of antioxidants,
such as poly-phenolic compounds including anthocyanin. Phenolic
compounds, such as anthocyanin, tannin, catechin and chlorogenic
acids, function as antioxidants in various oxidative stresses. It was
notable that oxidative damage was  completely suppressed in those
areas of the root where anthocyanin was localized. It may  be signif-
icant that A. virginicus induces two independent antiperoxidation
systems to suppress the oxidative damage: both an early and a late
response constituted by an enzymatic system and an antioxidant
compounds system, respectively. The combined sustained activity
of these two  systems may  be important to keep the Al-dependent
oxidative damage at a low level in this plant.
The induction of anthocyanin may  play an additional role.
Anthocyanin can chelate with Al, Fe (ferric ion) and Cd (Kondo
et al., 2005; Buchweitz et al., 2012; Dai et al., 2012). These results
suggested that it can diminish Al toxicity by the formation of sta-
ble chelation complexes. It was  noted that color of the pigment
was changed from native purple color to blue purple during the Al
treatment (0–14 d; data not shown). This color change is consistent
with a previous experimental result that the anthocyanin color in
sepals of the Al-hyperaccumulating plant, H. macrophylla, showed
blue and red in high-Al and low-Al containing regions, respectively
(Ito et al., 2009). Moreover, we found that in A. virginicus roots,
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Fig. 7. Effect of NO on anti-oxidant production during Al stress. SOD and catalase
activities between the root region of Al single treatment and that of combined Al
plus  cPTIO treatments for 12 and 24 h were compared. Three experiments were
performed for each condition and the results are shown as means ± SD (bars). Values
with the same letter indicate no signiﬁcant difference (p < 0.05).
Fig. 8. Structural changes in the nuclei of root cells under Al stress. (A) DAPI-stained ro
500  M Al + SNP (pH 4.2)]. (B) and (C) Alkaline comet assay. Degradation of nuclei was o
under the same four conditions in (A). More than 50 cells in each condition were observed
Values  with same letter indicate no signiﬁcant difference (p < 0.05). The white bar in (A) rrimental Botany 93 (2013) 35– 44
morin-stained Al was  not detected in the area where anthocyanin
was deposited. One possibility for the lack of Al in these regions is
that the absorbed Al ions made a more stable chelate with antho-
cyanin than morin. Approximately 30% of absorbed Al in root was
transferred to shoots in A. virginicus (Ezaki et al., 2008), but that
means the remaining 70% of Al was still in the root region. Chela-
tion of Al with poly-phenols, especially anthocyanin, may  provide
an additional mechanism of removing toxic Al species, along with
chelation to organic acids.
Production and secretion of organic acids has been well studied
and estimated as the most effective way  to survive in Al toxic con-
ditions. However, Kidd et al. (2001) reported that differential Al tol-
erance in three Z. mays genotypes showed a better correlation with
the rate of Al-stimulated root exudation of the ﬂavonoids catechin
and quercetin than with Al-activated exudation of organic acids.
Recent work from the Kochian laboratory also support the idea that
extremely high levels of Al tolerance in O. sativa are mediated by
a novel mechanism, which is independent of root tip Al exclusion
mediated by organic acids; they suggest that cell wall modiﬁcation
may  play a role in O. sativa (Famoso et al., 2010). These results sug-
gested that tolerance mechanisms based solely on organic acids are
not sufﬁcient to confer very high Al tolerance to plants. Al tolerance
genes of various kinds have also been isolated from many plants
and introduced into model plants to evaluate their contributions
to Al sensitivity. Most of the introduced genes are unable individ-
ually to confer a high level of Al tolerance in the transgenic plants.
We suggest that A. virginicus has developed a high Al tolerance by
utilizing a combination of approaches: (1) a low accumulation of
Al in root-tip region by the production and secretion of organic
acids (e.g. citrate and malate), (2) a high Al transportation from
root to shoot, (3) accumulation of Al in trichomes and spikes in the
leaves, (4) induction of two  anti-peroxidation systems, both anti-
peroxidation enzymes (e.g. SOD and CAT) and anti-oxidants (e.g.
poly-phenols and anthocyanin) to suppress the oxidative damage
caused by Al stress, and (5) utilization of NO as a trigger of induc-
tion of anti-peroxidation enzymes (Fig. 9). Similar combination of Al
tolerant mechanisms has been observed in Rumex acetosa L. (Tolrà
et al., 2005). Al induced root citrate concentrations and high lev-
els of phenolic compounds in roots and shoots were detected in
this plant. Al resistance in R. acetosa implies both exclusion of Al
from root tips and tolerance to high Al tissue concentrations. Citrate
in roots and phenolic compounds such as anthraquinones in roots
and shoots may  bind Al in a non-toxic form. Recently, we iden-
tiﬁed several genes from A. virginicus and started to characterize
ot tips under four conditions [−Al (pH 5.7), −Al (pH 4.2), 500 M Al (pH 4.2) and
bserved by a microscope after agarose-gel electrophoresis using the root samples
 and used for the calculation of the DNA fragmentation ratio (shown as means ± SD).
epresents 100 m.
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Fig. 9. Deduced model for Al tolerance in A. virginicus. Collectively the results
suggested that A. virginicus shows high Al tolerance by a combination of ﬁve inde-
pendent approaches. (1) Suppression of Al uptake in root from soil; (2) high Al
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Dransportation from root to shoot; (3) accumulation and secretion of Al in leaf; (4)
nduction of anti-peroxidation enzymes and poly-phenols by Al; and (5) Al-induced
O  production in root.
heir functions in Al stress. The study will make our proposed Al
olerant strategies for this plant more clear in the near future.
. Conclusion
In conclusion, A. virginicus shows high Al tolerance by a combi-
ation of ﬁve approaches, most of which are not found in closely
elated members of the Poaceae. The identiﬁed tolerant mecha-
isms in this plant are not novel and each of them has already been
eported as an effective strategy in individual plants. However, the
mportant and interesting points of our results are that the indi-
idual mechanisms exist in combination in one plant species and
hey synergistically and systemically contribute to Al tolerance in
. virginicus.  Our report suggests that combinations of tolerance
echanisms may  be absolutely necessary to confer high Al toler-
nce in a single plant species.
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